INTRODUCTION
Contamination of the environment by radionuclides, especially uranium and its decay products, is a global problem [1] [2] [3] . Large amounts of radionuclides are present on US Department of Energy complexes due to the development of nuclear weapons during the Cold War. Subsurface contamination from U and other contaminants at the Y-12 National Security Complex on the DOE Oak Ridge Reservation (ORR), Tennessee are a result of radionuclides being released into the geological material from uranium production activities between 1945 to 1985 [4] . Between 1951 and 1984, high ionic strength nitric acid wastes containing uranium, technetium-99, metals, nitrate, and tetrachloroethylene were disposed of in 4 unlined ponds (S-3 ponds) on the Y-12
Complex which are now capped with a parking lot [5] . A large mixed waste plume of contaminated groundwater is preferentially migrating away from the ponds towards nearby Bear Creek [5] [6] [7] [8] . Rates and mechanisms of immobilization and natural attenuation of metals, radionuclides (i.e., U, Th) and co-contaminants like nitrate are being studied at the U.S. DOE Oak Ridge Integrated Field Research Challenge (ORIFRC) field site located near the S-3 ponds [7] [8] [9] [10] . Therefore, it is important to investigate precipitation and adsorption of U and its relationship with other contaminants (i.e. Th, nitrate) within the subsurface geological material in order to understand and model the fate and transport of U at the site.
Phillips et al. [11] report that dolomitic gravel on the ORIFRC site has been exposed to acidic (pH 3.4) groundwater contaminated with U (40 mg L -1 ), NO 3 -(14,000 mg L -1 ) and Al 3+ (900 mg L -1 ). U precipitates occur as white to light yellow crackedcoatings on this gravel (2mm-5cm) and as individual precipitates within the fine matrix 4 (<2mm) of the gravel. These precipitates are associated with amorphous basaluminite 2 . The objectives of this study were to examine 1) the distribution of U and Th in dolomitic gravel, and 2) the removal of uranium from acidic groundwater by dolomitic gravel through precipitation with amorphous basaluminite on a large-scale under field conditions 20 years after placement. This study 5 provided a unique opportunity to examine the solid and water phase geochemical conditions within the media after this long-term exposure.
MATERIALS AND METHODS

Study Area and Geological Materials
The cores were recovered from Area 4 at the ORIFRC site on the Y-12 National Security Complex on the ORR in Oak Ridge, Tennessee (Fig. 1) . The cores were composed of a weakly developed soil (with Ap and Bw horizon) at the surface that formed over a 20-30 year period in soil material that was deposited over a gravel fill which covered the native highly weathered shale saprolite. The gravel fill is composed of dolomite fragments (2mm to 3cm) and fine material (<2mm), and probably excavated 
Sample Collection, Preparation and Descriptions
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The sections of the two undisturbed continuous cores (2.5" diameter) (6.35 cm) that are used in this study were sampled at the depths of 0-800 cm (FWB 408) and 269cm
(top of water table) to 847cm (FWB410), by a pneumatic hammer-drive coring devise by driving the corer containing a polyurethane tube through a hollow barrel into the geological material. Core material was described according to Soil Survey Division Staff [15] . The samples were air dried in order to be analyzed in accordance to standard procedures. Drying may have resulted in some small chemical changes, however, the water table fluctuates at this site, and at times, especially during the summer droughts, the gravel could be dry in the zone which contains the high concentrations of U. Therefore, air drying should not cause a change in the sample beyond natural field conditions. The solid phase material also contains an estimated 90,000 times more U than the groundwater in the pores; therefore, evaporation of whatever groundwater is present would have an inconsequential impact on the total uranium content on the solid phase.
The coarse gravel (>2mm) was separated from fine material (<2mm) using a 2mm mesh sieve. Additionally, the white to light yellow coatings were also gently scraped off the dolomite gravel and added to the <2mm fraction (Fig. 2a, b) . Selected coatings were collected for SEM analysis ( Fig. 2c-e) . The <2mm fraction was gently sieved through an 80 mesh sieve to separate small dolomite grains from the very fine (<80 mesh) material which contained the U bearing precipitates [11] . The weathered saprolite was ground to pass through a <45 micro sieve.
A multiport well was installed in FW410 with the shallow port being screened (274 -427 cm) across the shallow gravel fill zone and the deeper port screened (722-838 cm) in the acidic saprolite zone. 
Microscopic Analyses
Selected undisturbed samples of the core material were impregnated with Hilquist resin (Hilquist, Falls City, WA). After curing, the samples were ground and polished using 1µm, 0.6µm, 0.3µm, and 0.1µm polishing grit (Buhler LTD, Lake Bluff, IL), carbon coated with an Agar sputter coater, and analyzed with a XL30FEG Philips SEM (Eindhoven, The Netherlands) using energy dispersive analysis (EDS) and backscatter analysis (BSE) at 10KV. SEM-wavelength dispersive spectroscopy (WDS) was carriedout by analyzing for 4 hours Al, Mg, S, U, Th, and Ca in selected areas of the polished section of the uranium containing dolomite gravel.
Core Material Geochemical Analysis
Uranium and Th concentrations in soil samples were assayed using gamma-ray spectroscopy employing 20 g of air-dried soil (or less when the quantity was limited)
contained in a standard 20 mL polypropylene scintillation vial. Routine counting times of 60 min were employed using a 7.62 cm diameter × 7.62 cm high well-type NaI crystal with a multi-channel analyzer employing Accuspec® γ-spectroscopy software (Canberra Industries) and an automatic sample changer. Whole-spectrum stripping, after subtracting the instrument's background spectrum which was collected using an empty vial, was employed using a best-fit fractional combination of three standard spectra ( 238 U, 232 Th). Standard spectra of these two radionuclides were collected using standard solutions of uranium (Spex Certiprep Inc), and thorium (J.T. Baker). Linear combinations of these three standard spectra accounted for >99% of the measured counts indicating no 8 significant content of other γ-emitting radionuclides in these soils. Results were expressed as mass of each element per unit weight of air-dried soil (i.e., µg g -1 ) to be directly comparable with other analytical methods.
The pH of the samples was measured using a 1:1 sample:MQ water mixture. The mixture was placed on a box shaker for 30 minutes, and then centrifuged at 2100 rpm for 15 minutes. Total sulfur (S t ) was determined by combustion using a Leco total C, N, S analyzer (Leco Corp. St. Joseph MI). Sodium citrate bicarbonate dithionite (CBD) solution extracts both the crystalline and poorly crystalline (amorphous) Al oxides [16] , while the ammonium oxalate (AO) solution extracts the poorly crystalline (amorphous)
Al oxides [17] . Poorly crystalline Al oxides (Al o ) were extracted by shaking in the dark for 2 hours ~0.5 gr of core material in 30 mls 0.2M AO solution buffered to pH 3.0 [17] .
Free Al oxides (Al d ) were extracted by shaking over-night ~2.0 gr of core material in 24 ml of 0.3M CBD solution until the material changed to a gray color (generally 3 times) [16] . Uranium was also extracted with the AO solution (U o ) and CBD solution (U d ).
After centrifuging at 2100 rpm for 15 min, these oxides were analyzed using a Perkin
Elmer Elan 5000 inductively coupled plasma Mass Spectrometer (Franklin, MA).
RESULTS AND DISCUSSION
Distribution of U and Th in Amorphous Basaluminite Precipitates in Dolomitic Gravel
From the surface down to the water table (0 to 228.6 cm) in FW408, total U ranges from 19-68 mg kg -1 in the poorly developed soil and uncoated dolomitic gravel (Fig. 3) . However, there is a dramatic increase in U below the zone of water However, in the lower portion directly below the brown grey gravel, there is an increase in fine material and associated white to light yellow precipitates (10YR 7/2) that strongly fluoresce a light green (Fig. 2a) due to high U content [11] . In this section, U t peaks at 12,730 mg kg -1 in FWB410 and 10,188 mg kg -1 in FWB408. At the depths of 295-305 cm in core FWB410, some areas of the coatings showed a much stronger fluorescence (Fig. 2a) . These coatings with a high fluorescence were analyzed separately from the bulk coating samples and averaged 66,500 mg kg -1 U.
The underlying saprolite has a dramaticly lower U content (~50-200 mg kg -1 ) to the depths of 8 m (Fig. 3) . The source of the U is a shallow acidic (pH ~3.2) U contaminated groundwater plume flowing to the west from the S-3 ponds source area [6] into Area 4. Because the gravel fill in Area 4 has a higher permeability than the underlying clayey saprolite, it acts as a preferred groundwater transport pathway causing the acidic groundwater plume to enter and react within the higher pH gravel. 10 Thorium is also present and was generally lower in concentration compared to U (Figs 3, 4) . However, Th concentrations were higher in the gravel layer above the water table where U concentrations were low. Thorium concentrations fluctuated dramatically in the gravel below the water table where U was highest, and showed an almost inverse relationship with U. In some places, Th was higher than U in this zone. These large changes in Th concentrations are observed over short intervals in these gravel zone. Figure 5 shows the images of U is associated with precipitates and not the gravel matrix.
Thorium on the other hand is spread throughout the precipitates and gravel matrix suggesting more of a sorption mechanism for attachment to the solid phase.
Composition of Uranium Containing Precipitates
As the acidic U contaminated groundwater enters the dolomitic gravel fill (~229 -325 cm depth interval), hexavalent uranyl carbonate coprecipitated with amorphous basaluminite (Fig. 2a-c responsible for an increased pH of the groundwater flowing through the gravel. The precipitation of these U containing formations in the gravel fill is driven by pH differences between the higher pH carbonate rich fill, which currently has a solid phase pH of 6.3-6.8, and the acidic groundwater plume in the saprolite (Figs 3, 4) . The dolomitic gravel possibly had an even higher pH than this before exposure to the acidic groundwater. Groundwater pH in the gravel fill is ~6.5-6.7, and there is a consequent decrease in U to ~1.0 mg L -1 , compared to the deeper port of FW410 screened in the saprolite where groundwater pH is 3.23 and U content is 40 mg L -1 . Although the concentration of U in groundwater found in the gravel fill is lower, the form of U has changed to a U carbonate form that is more mobile compared to the U forms in the underlying saprolite [11, 19] . In alkaline conditions, carbonate is a strong ligand that can significantly control the mobility of U(VI) in groundwater by forming uranyl-carbonate complexes. These complexes are generally weakly sorbed to mineral surfaces [20, 21] .
Similarly, Zhang et al. [22] and Luo [23] reported that U(VI) was effectively sequestered from acidic groundwater when the pH was increased from 3.5 to 4.4 and pH>4.5, respectively, by slow titration of NaOH. U(VI) sequestration in the Zhang et al. [22] study was due to sorption on pH-dependent surface charge sites on Al hydroxides. The positively charged surface on the precipitated Al minerals could provide sites for anionic U, carbonate and sulfate sorption [22] . A similar mechanism may have also occurred in the dolomitic gravel at the ORIFRC site. Additionally, Luo et al. [23] showed that U can be immobilized even under low carbonate concentrations if a low carbonate concentration and relatively high pH (>5) are maintained in sediments [23] . 12 The high level of Al in the precipitates (Fig. 5a,b) is also attributed to the Al in groundwater. Aluminum groundwater concentrations follow the same trend as the U groundwater concentrations, with Al concentrations at 2.9 mg L -1 in the shallow port of FW410 compared to 883 mg L -1 in the deep port [11] . The presence of S (Fig. 5a,b) is due to the sulfate found in the groundwater plume from the S-3 ponds (high sulfate is generally present in groundwater where there is high U) and the weathering of pyrite (FeS 2 ) inclusions in the dolomitic fragments (Fig. 2d) . Modeling of the groundwater data showed a correlation of the S in the coatings and the release of S during the weathering of the pyrite in the dolomitic fragments [24] . Tang et al. [25] observed a slow pH increase as a result of strong buffering by Al precipitation and hydrolysis and CO 2 uptake in a study to develop a model to better predict U(VI) sequestration in acidic U contaminated sediment with high Al concentrations. When basaluminite and amorphous Al(OH) 3 precipitation reactions along with a cation exchange selectivity coefficient K Na\Al of 0.3
were used, the model described surface complexations of U with liebigite (Ca 2 UO 2 (CO 3 ) 3 . 10H 2 O) precipitation (pH >5) [25] . In an earlier study, Phillips et al [11] report that both uranyl carbonates (grimselite and liebigite) were present in precipitates from the gravel section and gravel−saprolite interface section of these cores. Uranyl carbonates with a split K + -like shell (grimselite) were detected by EXAFS adjacent to weathering rinds, perhaps as thin coatings on the surface of some of the gravel fragments where the highest concentrations of U and K + were observed in the coatings. The source of the K + is possibly from the K-feldspar inclusions in the gravel. However, the thin grimselite coating was not always detected on gravel surfaces in the study, possibly due to the position and absence of K-feldspar inclusions in these gravel fragments analyzed. amorphous Al, and uranium appears to be associated with this precipitate compared to that in FW410.
Saprolite below the Gravel
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The saprolite is a highly weathered, oxidized (7.5YR 5/6) clayey Nolichucky shale with areas of gleying (10YR 7/1) [5] indicating hydromorphic conditions from the water table at the interface of saprolite and gravel. The upper 5 cm of saprolite is mixed with the gravel where the U t concentrations are 52-7,602 mg kg -1 (Figs. 3, 4) . ) in the upper section of the saprolite (Fig. 2e) Generally, Th was lower in concentration and inversely related to U in the weathered saprolite below the gravel layer. Changes in concentrations of Th in the saprolite appeared to be related to interbedding of different geologic materials (i.e. shale and sandstone). The uranium tends to be associated with the higher permeability transport pathways as observed by Phillips et al. [5] who reported that U was highest in groundwater and geological material in the more fractured interbedded shale and sandstone in Area 3, however, this relationship was not observed with Th.
CONCLUSIONS
The results of the investigation provided the following conclusions:
o As highly acidic radioactive contaminated groundwater flows from the S-3 ponds site through the dolomitic gravel, U, Al, and SO 4 2-precipitate on the surfaces of the gravel and within pore spaces removing most of the U from the groundwater.
These formations are in the form of flakey, white to yellowish U-containing amorphous basaluminite coatings and precipitates. This is due to an increase in the pH of the groundwater from 3.2 to about 6.5 as it comes in contact with the gravel.
o The U-containing amorphous basaluminite forms primarily within the saturated zone of the dolomitic gravel at concentrations as high as 12,730 mg kg -1 total U.
o Amorphous Al is more dominate than crystalline Al oxide, and linear regression analysis shows that extractable U is associated with both forms of Al oxides.
o Thorium is also as high as 3,000 mg kg -1 in the U enriched dolomitic gravel, and it generally has an inverse relationship with U from the surface down into the deeper saprolite zones.
o Barium present in the acidic contaminated groundwater precipitated as barite in the shallow saprolite directly below the dolomitic gravel.
o This study shows that high amounts of U can be removed from acidic Al 3+ and SO 4 2-containing groundwaters with dolomitic gravel. However, as the coatings grow / thicken in size, less U appears to be incorporated as reported by Phillips et al. [11] . Nevertheless, the source of the U has been at the site for close to 60 years and the dolomite gravel fill was emplaced over 20 years ago, and is still removing high levels of U from groundwater. The thick layered nature of the coatings and decrease of U on the outside suggests precipitation of U containing minerals and that sorption is not the mechanism. Additional studies are needed to determine the capacity of this medium to remove U from groundwater and the potential for remobilization and passivation of the gravel surfaces. Highly weathered clayey oxidized shale saprolite (7.5YR 5/6) with areas of gleying (5Y 6/2); faint bedding
Highly weathered clayey oxidized shale saprolite (7.5YR 5/6) with areas of gleying (5Y 6/2); faint bedding
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Saprolite
Highly weathered clayey oxidized shale saprolite (7.5YR 5/6) with areas of gleying (5Y 6/2); moderate bedding
U Th
Highly weathered clayey oxidized shale saprolite (7.5YR 5/6) with areas of gleying (5Y 6/2); moderate to strong bedding 
